Despite the presence of a blood-brain barrier (BBB), plasma proteins have been detected intraneuronally in regions with axonal projections confined to the CNS. This Fmding raises the question of whether plasma proteins are taken up from the brain interstitium or whether the results are due to experimental artifact. We examined the effect of various protocols for tissue processing on the intraneuronal distribution of plasma proteins using immunohistochemistry. The detection level of plasma proteins d d after prolonged fixation, irrespective of the fmtive and embedding method employed. In cryostat sections, attempts to blodc nonspecific staining by serum protein caused considerable nonspecific staining in itself. When nonspecific staining was blocked with a serum-free buffer, specifically labeled neuronal perikarya were found in cryostat sections of brains fixed by perfusion with paraformaldehyde without postfixation. Al-
Introduction
The interpretation of immunohistochemical investigations is influenced by several factors, such as variations in fixation technique, choice of fixative, and embedding method. In the adult brain, most immunocytochemical studies of plasma protein distribution have been performed on laboratory animals because they provide optimal conditions for processing of tissue. However, a main problem is that improper processing of brain tissue may lead to intraneuronal accumulation of plasma proteins in regions with axonal projections Correspondence to: Torben Moos, MD, PhD, Inst. of Medical Anatomy, Section A, The Panum Institute, U. of Copenhagen Blegdamsvej 3, DK-2200 Copenhagen N, Denmark. bumin and IgG occurred predominantly in neurons having projections beyond the BBB but also sparsely in neurons having projections confined to the CNS. Transferrin was evenly disuibuted within neuronal somata, kespective of the otientation of projections. The immunoreaction product of the three plasma proteins exhibited a specific intraneuronal localization in the differently projecting neurons. In circumventricular organs, plasma proteins were observed extracellularly and in projecting fibers. In conclusion, plasma proteins are present in neurons with projections confimed to the CNS and are probably taken up from the brain interstitium. ( J Histochem Cytochem 44:5914%3, 19%) KEY WORDS: Central nervous system; Motor neurons; Blood-brain barrier; Albumin; IgG Transferrin; Fixation; Immunohistochemistry; Rat. confined solely to the CNS and, consequently, to the mistaken conclusion that the blood-brain barrier (BBB) is permeable to them.
It is generally accepted that exogenous macromolecules administered peripherally, such as horseradish peroxidase (HRP), label motor neurons and neurons and neurosecretory neurons with projections beyond the BBB, owing to uptake from peripheral axonal terminals followed by retrograde axonal transport (Broadwell, 1989; Brightman, 1976,1979) . These studies also have revealed that HRP can be present in circumventricular organs without a BBB, either within neuronal fibers, as seen in the subfornical organ, or extracellularly in regions situated adjacent to the median eminence and the area postrema. Recent studies have disclosed plasma proteins in regions with projections beyond the BBB (Moos, 1995a; Broadwell and Sofroniew, 1993; Ymamoto et al., 1987; Sparrow, 1981) . Ultrastructural studies have revealed that HRP and plasma proteins are associated with the lysosomal system in neurons projecting outside the BBB (Moos, 1995a; Yamamoto et al., 1987; Broadwell, 1980; Broadwell and Brightman, 1979) . This has been verified by intraneuronal demonstration of lysosomal mark-ers such as acid hydrolases (Broadwell, 1980; Broadwell and Brightman, 1979 ) and cathepsin D (Moos, 1995a) . These enzymes exhibit an intraneuronal localization similar to that of retrogradely transported HRP and plasma proteins (Moos, 1995a; Yamamoto et al., 1987; Broadwell, 1980; Broadwell and Brightman, 1979) .
Despite the presence of a BBB to plasma proteins in the adult rat brain, some authors have been able to detect plasma proteins in regions without projections from the BBB (e.g., Aihara et al., 1994; Broadwell and Sofroniew, 1993; Schmidt-Kastner et al., 1993; Fabian and Ritchie, 1986) . These results were all derived from investigations using paraformaldehyde-fixed, cryoembedded material. They have not been confirmed in brains fixed with Bouin's fixative followed by paraffin embedding, in which neurons without projections beyond the BBB are devoid of immunoreactivity (Moos, 1995a; Moos and Msllgird, 1993) . The finding of plasma proteins in the adult rat CNS in regions without projections beyond the BBB could be method artifacts, as suggested by Broadwell and Sofroniew (1993). The aim of the present study was therefore to evaluate the effects of various tissue-processing protocols on the intraneuronal distribution of plasma proteins in brains from normal adult rats.
Materials and Methods
Animals. Thirty adult Wistar rats of either sex weighing 200 g were used. They had free access to food and water and were housed in cages under constant temperature and humidity conditions with a 12-hr light/dark cycle. Five brain autopsy specimens from humans who had died of nonneurological diseases were also included in the study. To evaluate the influence of tissue-processing factors on the extracellular distribution of plasma proteins, rats were subjected to a unilateral cryogenic injury that induces a vasogenic edema (Penkowa and Moos, 1995) . Six rats were anesthetized with tribromoethanol. The skull over the left frontoparietal cortex was exposed and a focal cold injury was produced by contact for 90 sec with the apex of a cone-shaped piece of dry ice (-78"C), 2-3 mm in diameter.
Tissue Processing. Rats were fixed by perfusion or immersion. For fixation by perfusion, the animals were anesthetized with Brietal and transcardially perfused via the left ventricle at an initial flow rate of 50 mllmin, first with heparinized saline (15,000 IE liter) for half a minute and then with 4% w/v paraformaldehyde in 0.1 M potassium phosphate-buffered saline (KPBS) (pH 7.4) or in Bouin's fixative at the same rate for 1 min. later reduced to 20 ml/min for 10 min. The brains were gently removed from the skull and placed in a dehydrating solution (see below) without postfixation. To evaluate the effect of prolonged fixation, some brains fixed by perfusion were left in the fixative for a total of 24 hr. For fixation by immersion, anesthetized animals were decapitated and their brains rapidly dissected and placed in 4% paraformaldehyde or Bouin's fixative for 4 hr at room temperature (RT).
Half of the brains fixed in 4% paraformaldehyde and the brains fixed with Bouin's fixative were dehydrated, embedded in paraffin (melting point 52"C), and cut on a microtome at 3 pm. The remaining paraformaldehydefixed brains were immersed in 30% sucrose-KPBS for at least 1 day and then cut into serial, coronal 40-pm sections on a cryostat and reacted freefloating. Human brains obtained at autopsy were all fixed by immersion in Bouin's fixative for 4 hr at RT and embedded in paraffin. Animals subjected to a cryogenic injury were fixed by vascular perfusion with 4% paraformaldehyde or Bouin's fixative 24 hr after the lesion. Subsequently, dissected brain slabs were processed for paraffin embedding.
Immunohistochemistry. Serial paraffin sections of the rat brains were dewaxed, rehydrated. and incubated in 0.5% H202 in methanol for 15 min to block endogenous peroxidase activity. After washing in running tapwater, they were washed in Tris-buffered saline (TBS: 0.05 M Tris. pH 7.4, 0.15 M NaCI) with 0.01% Nonidet P-40 (TBS-Nonidet) three times for 5 min. This washing was performed between each step in the procedure. The cryostat sections were initially washed three times for 5 min to remove remaining sucrose; they were then incubated for 30 min in 1% H202 in TBS-Nonidet.
To block nonspecific binding, the sections were preincubated with either a serum-containing solution (10% normal goat serum) or a serum-free solution (0.25 % casein; Dakopatts. Glostrup, Denmark). Both solutions were diluted in Tris-Nonidet (pH 7.4) and applied for 15 min at RT.
The sections were incubated overnight at 4'C with one of the following primary antibodies diluted in one of the preincubating agents: polyclonal rabbit anti-rat albumin (Nordic, Tilburg, The Netherlands, 4258; 1:lOO-1:5O,OOO, optimal 1:5OOO); polyclonal rabbit anti-rat transferrin (Nordic 3531; 1:lOO-1:10,000, optimal 1:500); polyclonal biotinylated goat anti-rat IgG (H+L) (Amersham, Pwle, UK. RF" 485; 1:10-1:1000, optimal 1:100); monoclonal mouse anti-rat IgG2, (Zymed, Burlingame, CA, 039600; 1:10-1:100, optimal 1:lOO): and polyclonal rabbit anti-human cathepsin D (Dakopatts. A 0561; 1:lOOO). Sections of human brains were subjected to monoclonal mouse anti-human albumin (Sigma, St Louis. MO A-6684: 1:1OOO-1:50,000, optimal 1:10,000). Because albumin, IgG, and transferrin displayed intraneuronal immunoreactivity under various staining conditions (see Results), the concentrations of the primary antibodies were adjusted to the highest level that labeled neuronal somata wihtout staining of nuclei. Unless otherwise stated, the results described below were obtained by using the abovementioned optimal concentration of the primary antibody. The antibodies were visualized by the ABC technique (Hsu et al., 1981) . Polyclonal antibodies were detected with biotinylated goat anti-rabbit IgG+IgM (Amenham, RPN 480) diluted 1:400, or with biotinylated monoclonal mouse anti-rabbit IgG absorbed with rat IgG (Sigma, B3275) diluted 1:400. Monoclonal antibodies (MAbs) were detected by biotinylated goat anti-mouse I&+ IgM (Amersham, RPN 483) diluted 1100 or by biotinylated goat anti-mouse IgG absorbed with rat serum proteins (Sigma, B-8774) diluted 1:200. The biotinylated goat anti-rat IgG antibody was also detected with biotinylated rabbit anti-goat IgG (Dakopatts, E 466) diluted 1:400. The secondary step in the immunoreaction was followed by incubation with a streptavidin-biotin-peroxidase complex (Dakopatts, K 377) prepared at the manufacturer's recommended dilution. The second and third steps in the immunoreaction were performed for 30 min at RT. The sections were developed for 10 min in 0.05% 3.3-diaminobenzidine tetrahydrochloride (DAB) in PBS (pH 7.0). followed by 0.015% H202 in DAB-phosphate buffer for 10 min. The free-floating cryostat sections were mounted on lysine-coated glass slides. All slides were dried and embedded in DPX (BDH; Poole, UK).
The immunospecificity of the anti-plasma protein antibodies was validated in paraffin sections of livers and spleens fixed by perfusion with 4% paraformaldehyde or Bouin's fixative. These sections were positively stained for the plasma proteins irrespective of the fixative used. To evaluate the extent of nonspecific binding of the secondary antibodies, the preincubation agent was replaced by the primary antibody and the immunohistochemical procedures performed as described above.
Absorption Controls. The immunospecificity of polyclonal anti-rat albumin and transferrin plasma protein antibodies was analyzed by absorption of the antibodies with rat albumin (Sigma) and rat transferrin (Sigma) coupled to divinyl sulfone activated agarose (Moos, 1995a.b) . The absorbed antibodies were then subjected to immunohistochemistry using the protocol described above. The specificity of the antibodies was also controlled by dot-blotting, in which rat albumin or rat transferrin was spotted onto nitrocelulose filters.
Fc Receptor Assay. Because immunoglobulins may bind to R receptors on macrophages and microglial cells (Vedeler et al.. 1994; Loughlin et al., 1992; Faustmann et al.. 1991) , diluted anti-rat antibodies were preincubated overnight at 4 ' C with protein A (Sigma) and protein G (Zymed) at a concentration of 0.1 mglml before the immunohistochemical reaction. This procedure quenches the Fc receptor affinity site of the anti-rat immunoglobulins (Van Der Beek et al.. 1992) .
Results

Intraneuronal Distribution of PLasma Proteins
Somata1 Labeling Albumin andIgG. In brains fixed with 4% paraformaldehyde or Bouin's fixative and embedded in paraffin, neuronal elements exhibiting albumin immunoreactivity were confined to two distinct pools of neurons, ie., neurons with projections beyond the BBB and neurons with projections confined to the CNS. The immunoreactivity of albumin differed in that neurons projecting from the CNS exhibited a dotted immunoreaction product ( ID). The intensity of thc immunorcaction product of albumin was clearly weaker in neurons projecting within the CNS. The latter subset mainly comprised neurons of brainstem regions. i.e., different reticular nuclei. vestibular nuclei. red nucleus, and Purkinje cells, whereas neurons of neocortex and the hippocampus were devoid of albumin immunoreactivity. When the fixation rime was prolonged. motor neurons wcrc stained to a lesser degree, with only a few positively stained neurons observed ( Figure IE) . whereas ncurons devoid of projections from the CNS were unstained. Omission of the primary antibody complctcly abolished the immunorcactivity. irrespective of the protocol used for processing the brains ( Figure IF) . The intracellulardistribution of the albumin in the motor neurons differed after perfusion and immersion fixatin. In albuminstained sections of immersion-fixed tissue. the reaction product frequently displayed a dark reaction product distributed uniformly in the perikarya and primary dendrites ( Figure IC) . Scctions of human material revealed an intraneuronal distribution in motor ncurons similar to that observed in the immersion-fixed rat brains (Figure IH) .
In cryostat sections, plasma protein antibodies produced a marked intracellular immunoreactivity in sccrions prcincubated with goat serum ( Figure 2B ). Neurons. including neuronal extensions. glial cells. and endothelial cells, were all labeled throughout the regions studied. The massive immunoreactivity of the plasma proteins in the cryostat sections was unaffected when the conccntration of the secondary antibody, ARC complex, DAB, or the sraining time wcrc varied. Only dilution of the primary antibody reduced the immunoreactivity However, diluting the concentration of the primary antibody also reduced the immunoreactivity in motor ncurons. Morcover. omission of the primary antibodies almost totally abolished the immunoreactivity. By contrast, dcrcction of thc antibodies in cryostat scctionsof brains prcincubatcd with casein clearly diminished the nonspecific background ( Figure 2C ). whereas intrancuronal albumin immunoreactivity was maintained. Another major finding in cryostat sections prcincubatcd with casein was that the anti-IgG antibodies displayed an intraneuronal staining reaction. In motor neurons and ncurosccrctory neurons. the reaction product was dotted. without additional staining of the neuronal somata ( Figure 3D ). Moreowr. IgG wassccn intrancuronally in neuronal regions devoid of projections from the CNS. The ovcrall IgG immunoreactivity was less than that of albumin. As in the case of albumin, IgG cvinccd a uniform immunorcaction product in this subset of neurons ( Figure 3E ). This was also the case in neurons of brains fixcd by immersion. Transfer+;. Transferrin was confined to neurons in s~r a l regions throughout the brain, including regions devoid of intraneuronal albumin and IgG immunoreactivity, such as the neocortex and amygdaloid nuclei complex. The intracellular localization of transferrin was especially pronounced in cryocmbedded material preincubated with casein before the immunoreaction. The neurons exhibited a nonuniform reaction product that clearly differed from uniformly stained oligodcndrocytcs situated adjacent to the ncurons ( Figures 4A-4C ). The immunoreaction product was localized identically in neurons with projections beyond the BBB and ncurons with projections confined to the CNS. In paraffin-embedded (C) Section stained for IgG using an antibody absorbed with protein A and G according to the protocol of Van der Beek et al. (1992) . T h e figure depicts IgG accumulation in stellate macrophages in the stroma of choroid plexus (thick arrows). The choroid plexus epithelial cells are weakly stained (thin arrows). (DE) High-power magnification of photomicrographs depicting intraneuronal accumulation of IgG. (0) Motor neuron of the nucleus ambiguus stained for IgG. The intraneuronal immunoreaction is clearly seen as dots. (E) lntraneuronal accumulation of IgG in neurons of the medullary reticular formation. Note the uniform immunoreaction product in these neurons with projections confined to the CNS. (F) Fiber staining of the fornix (For) and staining of the subfornical organ (SFO) at high-power magnification. In t h e SFO. the staining is confined to both fibers and parenchymal cells (small arrow). Staining is also seen in the wall of a capillary (large arrow). material, transferrin exhibited a uniform reaction product in brains fixed with 4% paraformaldehyde (Figures 4D and 4E ). This was also the case in neurons from brains fixed by immersion. In brains fixed with Bouin's fixative, it was almost impossible to detect transferrin immunoreactivity in neurons ( Figures 4F and 4G ). This difTerence in intracellular transferrin immunoreactivity did not change in sections of Bouin-fixed brains when the concentration of the anti-transferrin antibody was raised. The intraneuronal immunoreactivity in 4% paraformaldehyde-fixed brains was clearly reduced after prolonging the postfixation time. Therefore, neurons of the neocortical layer V and reticular neurons were unstained after 24-hr postfixation. Table 1 highlights the principal intraneuronal distribution of the immunoreaction product of the different plasmaproteins after variations in the protocol for tissue processing. The dot-blotting assay showed that preabsorption of the antirat antibodies with rat albumin or rat transferrin abolished immunoreaction. Likewise, cryostat sections preincubated with casein and paraffin sections exposed to the absorbed antibodies were always unstained, irrespective of the concentration of the antibodies used.
Fiber Labeling. Sections disclosed immunoreactivity for plasma proteins in circumventricular organs ( Figure 3G ) in which the capillaries have a fenestrated, highly permeable endothelium, except for the subcommisural organ, in which the endothelial cells are devoid of fenestrations (Broadwell and Brightman, 1976) . Moreover, the sections displayed intracellular immunoreactivity for plasma proteins in fibers of brain regions located close to circumventricular organs, e.g., in fibers of separate areas of the hippocampus, septum, stria terminalis, and fornix, all positioned close to the subfornical organ ( Figures 3A and 3F ).
Distribution of Plasma Proteins in Non-neuronal Cells
Plasma proteins were never observed in astrocytes. Transferrin consistently exhibited a uniform immunoreaction product in oligodendrocytes ( Figure 4) . In cryostat sections preincubated with casein and stained for IgG, weakly stained microglia were occasionally observed in the areas of hippocampus, stria terminalis, and fornix rich in fiben containing IgG. IgG &played a uniform immunoreaction product within the microglia. Application of the anti-IgG antibodies preincubated with proteins A and G, however, quenched the IgG immunoreactivity within the microglial cells. This indicates that the anti-IgG immunoglobulins detected IgG within microglial cells owing to binding to immunoglobulins to Fc receptors on microglial cells. Conversely, IgG was observed in stellate macrophages within the stroma of choroid plexus and meninges; in these cells, IgG immunoreactivity was unaffected by preincubation of the anti-IgG antibodies with the Fc receptor blocking proteins ( Figure 3C) .
Irrespective of the parameters used for tissue processing, albumin, IgG, and transferrin were consistently observed on the pial surface, within ependymal cells ( Figure 3B) , and within epithelial cells of choroid plexus of either ventricle ( Figure 3C ). Plasma proteins were sometimes observed in the walls of the brain capillaries. However, the endothelial cells wete never consistently stained for plasma proteins in any region in the CNS. Perivascular staining was never found in the vicinity of brain capillary endothelial cells, indicating the presence of a well-defined BBB.
Extraceffufur Occurrence of Piasmu Proteins
In addition to the extracellular staining within circumventricular organs as mentioned above, plasma proteins evinced extracellular immunoreactivity in the hypothalamus near the median eminence and in the hindbrain in areas bordering the area postrema, including that of the dorsal vagus nucleus and the hypoglossal nucleus. The extracellular appearance of the plasma proteins was most prominent in brains fixed with 4% paraformaldehyde and, to a lesser extent, in brains fixed with Bouin's fixative. This difference in extracellular immunoreactivity of the plasma proteins in the differently fixed brains was especially pronounced in the gray matter regions of the hindbrain near the dorsal vagus nucleus and the hypoglossal nucleus (compare Figures SA and 5B) . This difference in extracellular immunoreactivity did not change in sections of Bouin-fixed brains when the concentration of the anti-albumin antibody was raised.
Immunocytochemical staining for albumin revealed a marked presence of plasma proteins within the vasogenic edema zone, reflecting the damage to the cerebral vasculature leading to the breakdown of the BBB. The extracellular occurrence of the plasma proteins was observed irrespective of the fixative used (Figures 5C,  5D . and 5F).
Discussion
The main objective ofthis study was to evaluate the effects of various tissue processing parameters on the detection of plasma proteins in CNS neurons. We obtained consistent results in cryosections of brains fixed by perfusion with 4% paraformaldehyde without postfixation. For blockage of nonspecific binding of antibodies, the cryoscctions should be preincubated with a serum-free buffer before application of an anti-plasma protein antibody. If these requirements are fulfilled, plasma proteins are intraneuronally distributed in regions with or without projections beyond the BBB and in fiber-containing regions adjacent to circumventricular or-gans and CSF. Moreover, the characteristics in the appearance of the intraneuronal immunoreaction product of the different plasma proteins suggest that the source of an individual plasma protein can be disclosed. Thus, the immunoreaction product of albumin and IgG is dotted in neurons with projections beyond the BBB, reflecting uptake in peripheral axons followed by retrograde axonal transport in lysosomes (Moos, 1995a; Yamamoto et al., 1987; Broadwell and Brightman, 1979) , and uniform in neurons with projections confined to the CNS, suggesting uptake from the brain interstitial fluid. In the case of transferrin, the intraneuronal immunoreaction product is dotted irrespective of the orientation of the projection of the neurons. This may reflect the fact that transferrin is confined to endosomes subsequent to its internalization by receptor-mediated uptake from the brain interstitium (see below).
Transferrin is synthesized within the CNS, i.e., in oligodendrocytes and choroid plexus epithelial cells of the lateral and third ventricles (Bloch et al., 1985 (Bloch et al., ,1987 . Synthesis of albumin and IgG within CNS neurons has never been demonstrated. Defects in the BBB impermeability to blood-borne meacromoiecules have been suggested to play a role in human neurological diseases such as Alzheimer's disease (Stewart et al., 1992; Wisniewski and Kozlowski, 1982) . dementia in AIDS (Power et al., 1993) . and multiple sclerosis (Kwon and Prineas, 1994; Gay and Esiri, 1991) . Breakdown of the BBB to plasma proteins has been described in human autopsy material from individuals who died from brain contusions (bberg and Torvik, 1992) . Retrograde axonal transport of plasma proteins in motor neurons may play a role in the pathogenesis of motor neurons diseases (Moos, 1995a,b; Fishman et al., 1991; Yamamoto et al., 1987) . Consequently, an understanding of how plasma proteins gain access to the CNS is important. However, because many papers dealing with defects in BBB rely on observations using immunohistochemistry, it is also important to disclose the normal distribution of plasma proteins by this method.
In the following paragraphs, the influence of different factors for tissue processing and background blocking on the intracerebral distribution of plasma proteins in CNS is discussed. Table 2 surveys relevant papers in which the distribution of albumin, IgG, and transferrin in rat CNS has been examined.
Locafization of PLasma Proteins at Brain Burrier Sites
Transport of plasma proteins from the bloodstream to the brain is prevented by the brain barrier system that comprises the blood-brain and the blood-CSF barriers. Brain capillary endothelium and choroid plexus epithelium express transferrin receptors (Giometto et al., 1990; Jeffries et al., 1984) . Recently, an MAb raised against the transferrin receptor has been demonstrated to undergo transcytosis through brain capillary endothelial cells (Bieckel et al., 1994; Broadwell et al., 1994) . However, with the exception of the anti-transferrin receptor antibody, there is no substantial evidence for transcytosis of water-soluble macromolecules through brain capillary endothelial cells. Hence, transcytosis of plasma proteins in general through the BBB is controversial.
In the study by Aihara et al. (1994) . nonspecific IgG, but not albumin, was found in brain capillary endothelial cells. At the subcellular level, IgG was distributed along the basal lamina of the ' ~ BBB, somatal labeling of neurons with projections beyond the blood-brain barrier: + BBB. somatal labehng of neurons with projections confined to the CNS * Plasma proteins cannot be detected by this method. as the BBB is artifically disrupted in unfixed tissue (Sparrow, 1980) .
'' Antibody absorbed with excessive amounts of acetone-treated brain power Cryo, cryoprecipitation; n.d., not determined.
microvasculature. On the basis of these findings, Aihara et al. (1994) claimed a certain specificity of IgG uptake in brain capillary endothelial cells. However, only albumin and not IgG was detected in sections blocked with casein. The present study revealed that serum components may cause unwanted staining artifacts. We did not observe IgG in brain endothelial cells in sections blocked with casein. Moreover, we never observed extravasated plasma proteins in the brain parenchyma after perfusion-fixation. Other studies have been very cautious about claiming transcytosis of plasma proteins in brain capillary endothelial cells, because a perivascular staining reaction may occur due to extravasation of plasma proteins after disruption of tight junctional complexes between cerebral endothelial cells following perfusion-fixation (Broadwell and Sofroniew, 1993; Broadwell, 1989) . We are therefore tempted to turn down the hypothesis of selective transport of nonspecific IgG through brain capillary endothelial cells in the normal CNS, as proposed by Aihara et al. (1994) .
IntraneuronaZ Distribution of PZasma Proteins
Neurons With Projections Ekyond the BBB. Previous studies using extracerebral injections of macromolecules have revealed that these may gain access to the CNS by uptake in peripheral axonal terminals, followed by retrograde axonal transport to neuronal perikarya (Broadwell and Brightman, 1976; Kristensson et al., 1971) . A variety of studies detected endogenous plasma proteins in neurons with projections outside of the BBB (Table 1) . The studies of Fabian and Petroff (1987) and Moos (1995a) have revealed that albumin, IgG, and transferrin may be present in these neurons owing to retrograde axonal transport. Plasma proteins are most likely internalized in the axonal terminals by nonspecific uptake, followed by retrograde axonal transport to secondary lysosomes within the neuronal perikaryon (Moos, 1995a). This mechanism of uptake of macromolecules has also been demonstrated for HRP (Broadwell, 1980; Brightman, 1976,1979) . In normal, undamaged neurons, the reaction product of internalized macromolecules, which is confined to the perikaryal secondary lysosomes, exhibits a dotted appearance at the light microscopic level. The present study shows that albumin frequently exhibits a dark reaction product distributed uniformly in the perikarya and primary dendrites in sections of immersion-fixed tissue. Moreover, IgG staining in motor neurons decreases after immersion-fixation of brain tissue, The dotted immunoreaction product turns into a uniform staining pattern that finally fades if the postfixation time delay is increased (Fabian, 1992) . The difficulties in identifying dots containing plasma proteins within motor neurons in tissue fixed by immersion may be due to intracellular degradation of the plasma protein-containing lysosomes during the period before the fivative has diffused into the tissues (Broadwell and Sofroniew, 1993; Broadwell and Brightman, 1976) . The fixation delay may well cause rupture of the lysosomes containing plasma proteins, leading to release of the plasma proteins into the cytoplasm of the motor neurons. The absence of dots in motor neurons of the human brains that were not fixed until 6 hr post mortem for ethical reasons supports this hypothesis.
Neurons with Projections Confined to the CNS. Casein has been used to block nonspecific background staining in immunohistochemical reactions in non-neural tissue (Tacha and McKinney, 1992) . In our study, casein was successfully used to block nonspecific staining in neurons. The marked nonspecific reaction recorded in cryostat sections blocked with goat serum can be explained by a crossreactivity of the primary antibodies with goat serum proteins present in the preincubation agent. In the cryostat sections preincubated with goat serum before addition of the primary antibody, goat serum probably coats the entire section, converting the goat serum components into multiple antigen sites accessible to CIOSSreacting antibodies raised against plasma proteins ( Figure 6 ). Corroborating this hypothesis are also the results of Ymamoto et al. (1987) , who demonstrated that, in spite of using serum for blocking background staining, plasma proteins occurred only in regions with projections beyond the BBB using antibodies preincubated with excess amounts of brain powder. An explanation for the lack of nonspecific staining in paraffin sections preincubated with goat serum may lie in the heating of the tissue blocks for melting of the paraffin, which probably makes the tissue sections inaccessible to binding of serum components to the same extent as in cryostat sections. Schmidt-Kastner et al. (1993) also noted this problem with nonspecific background staining in cryostat sections stained for plasma proteins. They suggested that the problem could be solved by peroxidase coupling to the primary antibody, i.e., a onestep labeling technique. Despite this peroxidase coupling, some nonspecific background staining is still present in their sections blocked with serum proteins. Moreover, the one-step technique is less sensitive than the ABC technique (Hsu et al., 1981) employed in our study.
Despite the obvious controversy in detecting plasma proteins in neurons without projections beyond the BBB, the three plasma proteins examined could be disclosed intraneuronally. The fact that the immunoreactivity of the polyclonal anti-albumin and antitransferrin antibodies could be abolished by preabsorption of the antibodies with the respective antigen supports this observation. In favor of accumulation of IgG intraneuronally is the observation that immunoreactivity was detected with two different antibodies. Moreover, the intraneuronal immunoreactivity of IgG was unaffected by preabsorption of the anti-IgG antibodies with proteins A and G, demonstrating that the intraneuronal immunoreactivity is not due to the presence of intraneuronal Fc receptors.
The results of the present investigation therefore strongly suggest that this principal subset of neurons does contain plasma proteins. Their intraneuronal localization most likely derives from uptake from the CSF. The intraneuronal immunoreactivity of albumin may be more pronounced than that of IgG owing to the higher CSF concentration of albumin (6. Aldred et al., 1995) . The uptake of transferrin from the CSF is probably derived from receptor-mediated uptake due to the presence of transferrin receptors on neurons (Moos, 1995a,b; Giometto et al., 1990; Graeber et al., 1989; Jeffries et al., 1984) . The uptake of transferrin therefore differs from that of albumin and IgG, which are most likely taken up by fluid-phase (nonspecific) uptake. This hypothesis gains morphological support from the different intraneuronal distribution of the immunoreaction product of transferrin (punctate labeling) compared to that of albumin and IgG (diffuse labeling) in cryosections of brains fixed by 4% paraformaldehyde without postfixation. The punctate labeling of transferrin in neurons could therefore indicate that transferrin is confined to endosomes subsequent to its uptake by receptormediated endocytosis in neurons expressing the transferrin receptor.
The consistent observation of intraneuronal transferrin immunoreactivity has not been previously described. Experiments from our own group using perfusion-fixation with Bouin's fixative before embedding in paraffin have not detected transferrin intraneuronally in the normal rat brain, despite an invariable presence of transferrin in oligodendrocytes (Moos. 1995a ; and the present study). Instead, transferrin has been detected only in motor neu-Ions subsequent to intramuscular injection of exogenous transferrin (Moos, 1995a) or in pathologically affected motor neurons of the mouse mutant progressive motor neuronopathy (Moos, 1995b) . Application of Bouin's fixative for preservation of transferrin antigenicity hence appears less suitable than 4% paraformaldehyde. At present we are unable to explain why the immunoreaction product of transferrin in brains fixed in 4% paraformaldehyde and embedded in paraffin displayed a diffuse labeling, thus being different from that obtained in cryoprotected brains fixed in 4% paraformaldehyde.
Fiber Labeling. Plasma protein was recorded in projection fibers of forebrain neurons located close to the ventricles and the subfornical organ. Because of the closeness to the ventricular system, a likely explanation of the staining of the neuronal fibers in this region is diffusion of plasma proteins from the CSF of circumventricular organs into the brain extracellular space (Broadwell and Sofroniew, 1993; Schmidt-Kastner et al., 1993) . Alternatively, the staining might reflect uptake of plasma proteins from the extracellular space of the subfornical organ, since fibers of the fornix project to the subfornical organ (Larsen et al.. 1991) .
Extracellular Occurrence of Plasma Protein3
Studies of the cryogenically lesioned brains revealed that both fixatives employed in the present study are suitable for preservation of extracellularly localized plasma proteins. However, 4% paraformaldehyde proved obviously better than Bouin's fixative for detection of plasma proteins present in low concentrations.
In the normal brain, plasma proteins never exhibited a perivascular localization. Instead, plasma proteins were observed only extracellularly adjacent to the median eminence and the area postrema, which could reflect diffusion of plasma proteins into the CSF and then into the nearby brain extracellular space, thereby confirming the findings of Broadwell and Sofroniew (1993) . This diffusion may occur, because the ependymal cell lining in these circumventricular organs is believed not to possess a circumferentially tight barrier between the fenestrated capillaries of circumventricular organs and the CSF (Broadwell and Sofroniew, 1993) .
Conclusions
The main objective of this study was to evaluate the effects of various tissue processing factors for detection of the plasma proteins, albumin, IgG, and transferrin in CNS neurons. We recorded consistent results in cryosections of brains fixed by perfusion with 4% paraformaldehyde without postfixation. For blockage of nonspecific binding, the cryosections were preincubated with a serum-free buffer before application of the primary antibodies. Under these conditions, plasma proteins were consistently distributed intraneuronally in regions with or without projections beyond the BBB, or in fibercontaining regions adjacent to circumventricular organs and CSF.
The characteristic appearance of the intraneuronal distribution of immunoreaction of the different plasma proteins suggests that the source of an individual plasma protein can be disclosed. Thus, the immunoreaction product of albumin and IgG is dotted in neurons with projections beyond the BBB owing to uptake from the periphery followed by retrograde axonal transport, and is uniform in neurons with projections confirmed to the CNS owing to uptake from the brain interstitium. The intraneuronal immunoreaction product of transferrin is dotted, irrespective of the orientation of the projection of the neurons, which probably indicates that transferrin is internalized in endosomes via receptor-mediated uptake from the brain interstitial fluid by neurons expressing the transferrin receptor.
